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ABSTRACT

A three-dimensional objective analysis technique known as CRAM (Conditional
Relaxation Analysis Method) was applicd to investigate various properties of ballistic
winds on a mesoscale in mountainous regions. From a 12-day sample of upper-air
soundings taken 5 times a day at 2-hr intervals for 12 rawinsonde statit_)ns in the
Ft. Huachuca region of southeastern Arizona, and artillery firings taken.twice a day,
CRAM analyses ot temperature, density, and winds were performed for 10 atmospheric
zones between the surface and 8,000 m using an IBM-7094.

It was determined that the CRAM technique produced fields which had the desir-
able features of map winds, i.e., the contqur patterné were relatively snxpth and varied
slowly with time. The residual deflection errors which resulted were srx\xaller for
CRAM (75.2 m) than for a single station (Ft. Huachuca) near the firing range (85.1 m).
It was also found that the time decay of ballistic winds in the firirg area was smaller
using CRAM than using the Ft. Huachuca observation, which implies that CRAM is a

better tool with which to make a persistence forecast than a single station.
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1.0 INTRODUCTION

In the general artillery firing problem it is necessary for the gunner to apply

various corrections so that a round, or series of rounds, from his piece will come as
near as possible to striking a preassigned target. There are two major factors in
artillery correction problems. The first has to do mainly with characteristics of the
weapon system being employed. These include projectile weight, powder temperature,
muzzle velocity, and drift, and their investigation is essentially beyond the scope of
this project. The second factor to be considered is the influence of the atmosphere
through which the projectile travels. Of importance here are wind, temperature, and
density. Although the method of registration (essentially a trial and error method of
correcting subsequent shots based on results of previous ones, while firing a series
of rounds) is possible in principle, it is not the most desirable tactically (the element
of surprise may be of importance), practically (registration requires visual observa-

tion of the impact), or economically (it can be costly).

At present, the U.S. Army makes ballistic corrections for meteorological effects
on an artillery projectile based on a single sounding method. An Artillery Metro
Section launches a radiosonde and from the data computes a ballistic message which is
provided to the gunner. This observation may be removed in both time and space from
the projectile firing. Research results (Lowenthal, 1953, 1957) indicate that improved
ballistic corrections can be obtained by use of multi-sounding data from which fields
of wind, temperature, and density can be mapped. This so-called “map wind technique”
has the desirable property that the analyzed fields are fairly smooth and slowly varying
in time, and as such present a hopeful avenue for prognosis.

The objective of this program was to develop an automated objective analysis
technique with emphasis on the mesoscale meteorological features to produce map
winds, temperatures, and densities, which, when incorporated in an integrated metro
message, would minimize the error from artillery firings made at the same time.

The research was to be conducted with a view toward providing the best possible

answer to the following questions:

(a) To what extent can artillery corrections be improved by using

integrated map winds instead of a single sounding?




(b) How does mountainous terrain affect the variability of ballistic
winds ?

(c) What is the optimum placement and spacing of artillery metro
sections in mountainous terrain?

(d) How often should soundings be made in mountainous terrain?

(e) How accurately, and for what duration, can map winds be

forecast?

For this program, a field experiment was conducted at Ft. Huachuca in which
multiple sounding data were taken concurrently with artillery firings for a number of
days in January and February 1965. A detailed description of the field experiment is

given in Section 2.0,

An analysis technique suited to the ballistic wind problem (called CRAM—

Conditional Relaxation Analysis Method) was chosen as the primary investigatory tool.

It is a technique that the contractor has had previous experience with and was extend-
able to three dimensions with relatively minor modifications. The technique is
described in Section 3.0. The detailed program descriptions are contained in the
supplement to this report.

While the advantages of map ballistic winds over single station ballistic winds,
in principle, are readily apparent (cf. Lowenthal, 1953), an important evaluation
criterion is how well a given technique performs when used for correcting actual
artillery firings. This is discussed in Sections 4.0 and 7.0.

Questions concerning characteristics of the winds themselves, such as time and

space variability and predictability, are discussed in Sections 5,0, 6.0, and 8.0,
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2.0 _DESIGN OF THE FIELD EXPERIMENT

Artillery firings were conducted at Ft. Huachuca, Arizona on 12 days during

January and February, 1965 as part of this study. Two 8-inch howitzers were fired

at 1000 MST and 1400 MST at targets approximately 14,500 m east-northeast from the
gun locations. Each piece fired ten rounds alternately at one-minute intervals using
fixed quadrant elevation angles and azimuths (see Table 2-1). Impact points were
determined visually and the center-of-impact (CI) for the ten rounds from each piece
was computed. The maximum ordinate of the projectiles was approximately 9700 m,
or about 8200 m above the gun level.

Meteorologira! data were collected from a network of twelve rawinsonde stations

surrounding the firing range (see Fig. 2-1). Soundings were taken 5 times a day at two-
hour intervals beginning at 0600 MST, for even numbered days January 2—12, odd
numbered days January 25—31, and even numbered days February 2—12, 1965, Thus,
there were 16 days on which soundings were taken, or 80 observation times in all.
The meteorological data were obtained using AN/GMD-1A equipment. The twelve
meteorological stations for which rawinsonde data were collected are listed in Table
2-2.

The meteorological data were punched on cards and transferred to magnetic

tape by the sponsoring agency using a Burroughs B-5000 Computer,

TABLE 2-1
FIRING DATA

Location*
Gun no. Quadrant elev
Easting Northing Azimuth (mils) (mils) )
1 555472.8 3493987.7 1325.2 1114
2 555469.4 3494002.5 1322.8 1117

*Coordinates are based on the Universal Transverse Mercatcr
Grid (Zone 12).
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TABLE 2-2
METEOROLOGICAL STATIONS IN THE FT. HUACHUCA NETWORK
Station Easting(I)* Northing(J)* Elevation(m)
Benson 57.01 353.59 1083
Bisbee 60.68 347.01 1445
Douglas 64.10 346.82 1255
Fairbanks 56.81 350.92 1282
Hereford 58.62 347.72 1290
Ft. Huachuca 56.25 349.36 1433
Nogales 51.48 347.51 1190
Patagonia 52.40 348.95 1240
Parker Canyon 55.37 347.51 1685
Sonoita 53.29 350.41 1480
Tombstone 59.26 350.38 1450
Wilcox 60.49 356.73 1275

*Grid coordinates are based on the 10,000-meter Universal
Transverse Mercator Grid (Zone 12).




3.0 DATA PROCESSING

The meteorological data described in the previous section needed considerable
editing, error checking, calculation of additional variables, etc., before objective
analysis methods could be employed. The procedures used were designed to be as
consistent as possible with U.S. Army procedures for performing ballistic computa-
tions. The major difference between current practices and those adopted in this study
was the referencing of meteorological zone data to a geographical locatipn representa-
tive of the radiosonde’s actual location, rather than the customary practice of assigning
the launching station’s geographical coordinates to a piece of meteorological informa-
tion regardless of how far away from that station the balloon had _subsequently drifted.
Also taken into account in this study was the referencing of the balloon’s height to the

terrain over which it was passing, rather than to the elevation of the launch station.

3.1 Computation of Ballistic Quantities

3.1.1 Conventional Methods

Ballistic wind, temperature, and density are computed in order to apply artillery
corrections using known unit effects from firing tables. To arrive at these ballistic
quantities for a particular station, measurements of upper-air parameters are made
by means of a radiosonde which is tracked by a rawin set (AN/GMD-1), The location
of the balloon at each artillery zone limit (see Table 3-1), as projected to the earth’s
surface, is plotted on a plotting board. From these plcts, the average wind speed and
direction for each of the atmospheric zones is determined, The computation of these
zone winds is a preliminary step in the determination of baliistic winds. The mean
virtual temperature and mean density for each zone are also determined and pre-
sented in terms of percent of standard as referenced to mean standard zone density
and temperature based nn the ICAO (International Civil Aviation Organization) atmos-
phere. The zone values of wind, density, and temperature are then weighted according
to specified zone weighting factors, with the resulting weighted quantities being the
ballistic values. The weighting factors, developed by ballisticians, are used to
establish the proportional effect of the meteorological conditions in each zone upon
the total effect exerted by the atmosphere through which a projectile passes. Table
3-1 shows the weighting factors for the artillery problem in the Ft. Huachuca experi-
ment where the maximum ordinate of the trajectory was in Zone 10 (these are known

6




TABLE 3-1
ZONE STRUCTURE AND WEIGHTING FACTORS FOR BALLISTIC
COMPUTATIONS (maximum ordinate: 8,000 m)

Zone Height (m) Weighting factors*
Base Top Wind Temperature Density

1 Surface 200 0.01 0.00 0.03
2 200 500 0.02 0.01 0.04
3 500 10600 0.02 0.02 0.07
4 1000 1500 0.04 0.02 0.07
5 1500 2000 0.03 - 0.03 0.07
6 2000 3000 0.07 0.07 0.13
7 3000 4000 0.08 0.13 0.12
8 4000 5000 0.09 0.22 0.11
9 5000 6000 0.09 0.23 0.11
10 6000 8000 0.55 0.27 0.25

*From FM 6-16, Tables for Artillery Meteorology.

as “Line 10” weighting factors). The zone values for Zones 1, 2, 3, ..., 10 are
weighted and summed to arrive at the ballistic values for Line 10. When there is a
difference in altitude between the artillery piece and the meteorological station, the
temperature and density values are corrected using calculations based on the ICAO
standard atmosphere. No effort is made to adjust the ballistic winds for such a height

difference because there is no known specific relation between the speed and direction

of the wind and this height difference.

3.1.2 Modified Methods

Objective analyses of individual atmospheric zones are required to construct

analyzed fields of ballistic wind, temperature, and density. In preparing the data for
analysis, it was decided to account for balloon drift such that data values for individual
zones would be assigned horizontal coordinates based on the location of the balloon for
the midpoint of the zone. When dealing with conventional synoptic-scale data it is

customary to ignore balloon drift with altitude. However, for a mesoscale problem,




as pointed out by Fujita (1960), a significant error could fesult in the analyses of
higher zones if it were assumed that the observations were representative of points
directly above the launch sites. Figure 3-1 shows the displaced locations of the
several radic_)sondes from their launch sites for the Ft. Huachuca network at 1400 MST
on January 25, 1965 upon reaching the mid-level of Zone 10, Of particular importance
is the fact that Zone 10 receives the largest weight in computing Line 10 ballistic
winds. Note that all the balloons have moved to the east or southeast of Ft. Huachuca.
The radiosonde launched at Ft. Huachuca is actually located nearly 10 km southeast of
Hereford at Zone 10.

Another consideration in analyzing data from a multi-sounding network has to do
with the manner in which height-above-terrain is handled. As stated above, zone winds
are computed using the height above terrain rather than referencing observations to
the height of the artillery piece. In this study, the terrain height at the location of the
balloon, and not the terrain height at the launch site, was used in determining zone
heights. This distinction can be significant in mountainous terrain, particularly for

the lower zones.

3.2 _Preprocessing the Data

The meteorological data contained on magnetic tapes represent approximately .
900 radiosonde flights consisting of roughly 20 significant data levels each and 50 or
so detailed wind data levels each, or about 240,000 relevant numbers on tape. With
this quantity of data involved, certain gross error checking procedures are recom-
mended. With the aid of the computer, the data were checked for such things as
proper headings, station elevations, dates and times, etc. Routines which checked to
assure that times and heights increased and pressures decreased monotonically were
useful in uncovering bad data or data out of sequence., An additional test was made of
times and heights based on the expected rate of balloon ascent, When this phase was
completed, a relatively error-free meteorological data sample was available for
additional processing.

The next phase consisted of the computation of zone winds, temperatures, and
density from the raw data for each radiosonde flight. The zone winds were computed

- using the time and horizontal iocation at which the balloon entered the base of a
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particular zone and similar information when the balloon reached the top of the zone.
The mean virtual temperature for a zone was calculated from the significant level
temperature and humidity data. Density wasvcalculated from the equation of state
using the mean virtual zone temperature and the pressure at the midpoint of the zone.
'Temperatureé and densities were referenced to the ICAO standard atmosphere and
expressed in terms of departure from standard in percent. The data were then ready

for objective analysis.

3.3 The CRAM Objective Analysis Procedure

One objective of this study is to develop an autcmated objective analysis tech-
nique to produce map wind fields from which ballistic quantities may be estimated.

Objective analysis is concerned with defining the spatial distribution of a vari-
able at a set of resularly spaced grid points given an irregularly spaced set of
observations. The technique chosen for this study is one based on a generalized version

of Carstensen’s relaxation method (1962), which was developed and applied by Thomasell
and Welsh (1963), called CRAM (the Conditional Relaxation Analysis Method). It is
ideally suited to a three-dimensional analysis problem such as this one and is relatively
fast from a computer time consideration.

In CRAM, the procedure for interpolating between observations requires that the
analyzed grid-point values satisfy Poisson’s equation, subject to the constraints imposed
by tne observations and an arbitrarily defined set of boundary values. The observations
determine the analysis through their role as internal boundary points in the solution of
Poisson’s equation. Poisson’s equation in finite-difference form is solved numerically

by a relaxation procedure.

3.3.1 The Analysis Grid

The analysis grid is based on the Universzl Transverse Mercator Grid system
and is shown in Fig. 2-1. The horizontal grid spacing is 10 kitn. The I and J directions
of the analysis grid are essentially east-west and north-south respectively. The
analysis area consists of 17 grid units in the I-direction (from I = 50 to I = 66) and
15 grid units in the J-direction (from J = 345 to J = 359) or about 170 km x 150 km.
The vertical coordinate /K) consists of the 10 atmospheric zones and is of variable

spacing, being 250 m between Zones 1 and 2 and 1500 m between Zones 9 and 10,

10




Two additional zones—Zone “0” and Zone 11—are added to supply boundary values at
the edges of the analysis volume.

Subsequent sections describe the various major components of CRAM: the initial
guess technique, correction procedures, relaxation method, smoothing, and ballistic
computation. Detailed program descriptions are contained in the supplement to this

report.

3.3.2 The lnitial Guess

CRAM requires the use of an initial-guess field, which undergoes subsequent
corrections. In principle, the initial-guess field can be generated in a variety of ways.
An accurate forecast of the field being analyzed makes the most ideal initia] guess.
Two rather reasonable approaches are to apply a surface-fitting tecunique to the data
or to use a recent analysis (e.g., two hours earlier), if one is available, or some -

.combination or ‘“blend” of the two approaches. Our version of the program uses these

surface fitting and persistence approaches.
In the surface fitting procedure, the three-dimensional surface is sought which
best fits the observed field of data. The equation is of the form

¢ =a +ax +ax2+asx3+...+ (3-1)

o %117 % 2%
where the deperdent variable ¢ is the variable to be analyzed over an evenly-spaced
field of grid points, the a’s are the coefficients, and the x’s are the independent vari-
ables which are functions of the locations of the observations of ¢, i.e., x, y, and z.
Because there are a large number of terms that can be generated from the possible
combinations of x, y, and z, many of which may not be significant in explaining the
variability of ¢, it seems reasonable to attempt to reduce the number of possible
“predictors” through the usc of a systematic, stepv»"ise screening procedure. The
method chosen is that of screeniny regression. From an array of possible predictors
(X,y¥,2,2y,xz,etc.), the screening procedure first selects the one that has the highest
linear ccrrelation with the predictand in question. This predictor is then held con-
stant, and partial-correlation coefficients between the predictand and each of the
remaining precictors are examined; the predictor now associated with the highest

coefficient is the second one selected. Additional predictors are chosea similarly

until a selected predictor fails to explain a significant additional percentage of the

11
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0’ al, etc., are then derived

by the method of least squares. The initial-guess field is then generated by solving

remaining variance of the predictand. The coefficients a

the derived equation at each of the grid points in the analysis volume.

The program is written so that it is possible to compute an initial guess from a
blend of persistence and surface fitting. This is done to incorporate time continuity,
as the observations are taken at two~hour intervals on alternate days between 0600 and
1400 MST. For the first observation time of the day (0600 MST), however, no weight
is given to persistence because the previous available observation is usually forty hours

old. The formula u v‘e,d' in the program to calculate the initial-guess value of ¢ at a grid

\

point is
1 w
¢I G.~ Tow ¢(surface fit) + T:E\\_I— ¢ (persistence) (3-2)
e p p

where Wp = weight of persistence. By assigning a valuc of zero to Wp, persistence is
given no weigh! and the initial guess is based solely on the surface fit. A value of one
for Wp assigns half .the weight to each while a very large value of Wp essentially gives
all the weight to persistence.

The initial-guess portion of the computer program is a subroutine called IGUESS.

3.3.3 Correction Procedures (subroutines PCORR and TCORR)

Because the aﬂalysis during solution may only be defined at grid points, the
information from observation points, which in general are at random locations within
grid blocks, must be translated to grid points to permit the definition of internal bound-
ary points. For each observation, the dilference between the observed value and the
value computed for that location by interpolating among the initial-guess values at the
surrounding grid points is computed. This difference is then translated to the nearest
grid point and added to that grid point as a correction to the initial guess. When a grid
point is subject to multiple corrections (from several different observations), an over-
all correction is computed as the arithmetic average of the several individual correc-
tions. Corrected grid points are designated as internal boundary points and are iden-

tified as such in the computer.

3.3.4 Relaxation Methods

After the internal boundary points have been defined, the next step in CRAM is to

12




compute interpolated values from these points at all uncorrected grid points. The
interpolation is accomplished by requiring that the values at the uncorrected grid

points satisfy Poisson’s equation:

V2 4(.ik) = FIK) (3-3)
where ¢ is the value of the analysis parameter at grid point (i,j,k), F is a forcing
function defining the shape of the field of ¢, and V2 is the finite-difference Laplacian
operator in three dimensions. The Laplacian of a good initial-guess field provides a

good forcing function. In the program (subroutine FORCE), the formula is written as

follows:

v o@ij.k) = o(i+1.3k) + o(i-1,j,k) + ¢(i,j+1.k) + ¢@i,j-1k)
- 4¢(.3.k) * K, lod)k+1) = o(i,).k)] (3-4)
= ]{B[¢(ivjtk) = ¢(i’jvk°1)}

where KA and KB are coefficients pertaining to the vertical gradient computed above

and below the analysis grid point, respectively.

The horizontal and vertical space gradients have been expressed separately in
this equation. There are several practical reasons for doing this, all having to do with
the scaling of the vertical coordinate used in the analysis technique. The basic hori-
zontal grid length is 10 km, while in the vertical the grid length is about an order of
magnitude smaller. Measuring gradients over this smaller distance is generally
compensated for by the fact that, for most atmospheric variables, the vertical gradients
are much larger than the horizontal gradients o that one may be justified in using
KA = K‘.B = 1in Eq. (3-4). The relative inequalities between the grid distances above
and below the grid point which arise from the uneven spacing of the artillery zones
may be accounted for by assigning different values to KA ard KB Also, it is possible
in the program to consider the objective analysis prot.lem in a two-dimensional frame-
work by simply setting K, = KB = 0. ‘

The solution of Eq. (3-3) is accomplished by relaxation. Let the values at all the
boundary points (internal and perimeter) remain unchanged throughout the relaxation

computations. Fer each non-boundary point in the grid array, the residual, R, is

computed by

13




R(, 1K) = V2o@.0k) - FEIK). (3-5)
New estimates of ¢ are then computed by

$(.4.k) = ¢R(i,1,k) + &(1.}.k) (3-6)
where a, a relaxation coefficient, is an input parameter. New residuals are then
computed. The iterative procedure continues until all residuals are less than a

specified value (€). This procedure i8 accomplished in subroutine RELAX.

3.3.5 Smoothing (Subroutine SMOOTH)

A smoothing operator has been developed which is designed to eliminate from
the analysis undesirable small-scale features. The expression used is

S[e(.ik)] = W, o(i.).k) + W,l¢d+1,1k) + ¢(-1,),k)

+ ¢(ioj + lrk) + ol - l'k)) (3'7)

+ w3[¢(iajnk+1) + ¢(isj'k°l)]'

. B B
W, = 6 LW = h LW = y
1 6+4B_+2B ' "2 6+4B +2B ' '3 6 +4B_+2B
h v h A h v

and Bv control the degree of smoothing to be performed. A

The parameters Bh
value of zero assigned to each results in the entire weight being given to ¢(i,j, k), i.e.,
no smoothing. Large values of Bh and Bv result in heavy smoothing. 'Also, the smooth~

ing can be restricted to two dimensions by setting Bv = 0.

3.3.6 Ballistic Computation

The CRAM program produces analyses of u- and v-wind components, temperature,
and density for each of ten artillery zones. These zones are listed in Table 2~1 for
an analysis area 17 grid units in the I-direction (from I=50 to I=66) and 15 grid units
in the J~direction (from J =345 to J=359) or about 170 km X150 km. A portion of this
grid is shown in Fig. 2-1. The analysis area is purposely made large so that analysis
problems associated with the boundaries are far enough removed to not contaminate
the analysis in the region of interest, i.e., near the firing area. The ballistic fields
are produced within the program by applying the zone weighting factors that are given
in Table 3-1. A minor modification in the program will permit ballistic computations

of “lines” other than merely Line 10.
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An additional feature of the program is that the final printed output for the
analysis field can be analyzed with contours printed for any desired isopleth interval.

If desired, portions of the analysis cycle may be repeated several times. The
generated analyses may be used as an improved initial-guess field, with subsequent
forcing, correcting, relaxing, and smoothing to make the analysis fit the observations
more closely. This cycling feature can be employed for error checking purposes by
discarding observations which differ from the analys.is by a specified value. This value

may be large for the first cycle with successively smaller values used for subsequent

cycles.

3.4 Production of Analyses by Application of CRAM

The various options and parameters discussed above were given a limited
amount of testing on a portion of the data sample. A much more extensive testing
would be required in order to achieve the optimum results. Nevertheless, within the
constraints of the present study, it was possible to produce meaningful analyses. In
all, there were 80 observation times to be analyzed (16 days, 5 observation times per
day} for 10 zones for four variables (u- and v-wind components, temperature, and
density), making a grand total of 3,200 maps that were analyzed using the computer.

The initial-guess procedure of blerding a surface fit with persistence was
employed, using Wp = 1/2 in Eq.(3-2). The forcing function (F) was set equal to the

Laplacian of the initial guess.

The values of KA and KB were chosen to be nearly equal to one (actually varying
between 0.81 to 1.3 to account for the uneven zone spacing), causing the analysis to be
made in three dimensions rather than two. The number of iterations required was
near a minimum using a relaxation coefficient of o = 0.25. (For two dimensions,

o = 0.22 should be used.) The smoothing operator was employed using Bh = 2.0 and
BV = 2.0, which gives one-third of the weight to the grid point being smoothed and
two-thirds to the surrounding six grid points.

Analyses were produced for each of the ten artillery zones using the procedures
outlined above. These zone analyses were then combined into ballistic analyses by
computing the weighted sums using the weights given in Table 3-1. It should be

emphasized that these analyses are the result of initial investigations and that further
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work in this area, such as performing the force-relax-smooth cycle more than once,
would likely lead to improved analyses. Figures 3-2 through 3-6 show the five analyzed
fields of ballistic u~- and v-wind components (in knots) for 0600, 0800, 1000, 1200, and
1400 MST. The temperature and density analyses (departure from Standard, in percent)
are given in Figures 3-7 through 3-11.

The u-component ballistic wind analyses show a gradual increasing trend over
the southern half of the analysis area, with only slight changes with time in the northern
portion. This causes the contours that are originally oriented north-south to become
nearly west-east by 1400 MST. There is also a gradual increase in the v-component
value.

The temperature and density analyses (Figs. 3-7 through 3-11) show relatively
small gradients, with the range of values over an entire map being generally less than
1% of Standard. The temperature values show a cooling trend through the series,
reflecting a cooling trend in the upper zones. The surface heating affecting the lower
zones does not contribute much to the overall ballistic temperature because of the way
the individual zones are weighted (see Table 3-1). There is practically no spatial

variability in density until the final map.
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4.0 CALCULATION OF RESIDUAL ERRORS

The main purpose of developing an objective analysis technique for this study is
to produce a representative estimate of the meteorological environment through which
an artillery projectile travels. It is hoped that the analysis technique, which incor-
porates the map-wind concept, will be better than the ballistic winds derived from a
single sounding. One meaningful way to evaluate the relative merits of two or more
methods of computing ballistic winds is to make a comparison of residual errors using
actual artillery firings.

Applying corrections to the firing data supplied for this study required the use
of unit effect data supplied by BRL (Ballistic Research Laboratory, Aberdeen Proving
Ground) based on firing table information. Ballisticians have derived these unit
effects theoretically by first computing a trajectory from equations of motion using
standard conditions. They then vary each of the variables from standard, one at a time,
by a unit amount (1% for density or temperature, one knot for range wind or cross
wind) and note the resulting difference in range or deflection. These differences are
the unit effects.

For this study it was assumed that corrections for muzzle velocity, projectile
weight, powder temperature, etc., were aiready accounted for in the computation of
the range. Because the firings were conducted at fixed azimuths and quadrant ele-
vations, the only corrections necessary to ‘‘move’ the observed impact points in to
the target were temperature, density, and range wind for the range correction, and
drift, coriolis force, and cross wind for the deflection correction. The drift and
coriolis force are independent of the meteorological values used, so that only ballistic

wind, temperature, and density are pertinent in drawing comparisons among various

analysis techniques.

4.1 Residual Errors Using CRAM and Ft. Huachuca Sounding

The provided gun data and unit effects were used in computing artillery correc-
tions. (Only results using Gun No. 1 are presented here because the characteristics
of Gun No. 2 were very similar.) Using CRAM analyses concurrent with the 24 firing
times, values of ballistic temperature, density, and wind (resolved into range and

cross wind components) valid at the midpoint of the firing trajectory were extracted.

The results are shown in Table 4-1, where the odd-numbered cases refer to Gun No. 1.
27
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The target (hvpothetical) coordinates are given in meters in the Universal Transverse
Mercator grid system. The range, deflection, and vector errors designated “NO
CORRECTIONS” are based on the distance between the target and the given center of
impact (CI). The correction due to any one meteorological parameter is obtained by
multiplying its value by the unit effect for that parameter. The range, deflection, and
vector errors “WITH CORRECTIONS” are residual errors based on the corrected
impact point after the drift, coriolis, and meteorological effects have been accounted
for. (Negative range errors refer to impact short of the target and negative deflection
errors refer to impact to the lett of the target when viewed from the gun location.)
Also given are the x and y components of the vector error which, when added to the
target coordinates, give the coordinates of the corrected impact point. The corrections
due to temperature, density, and range wind affect only the range (negative corrections
decrease the range), while corrections due to c1oss wind affect only the deflection
(negative corrections displace the impact point to the left). The variations in target
coordinates and unit etfects are due te adjustments made for non-meteorological
factors by BRL.

Ballistic quantities determined using the Ft. Huachuca sounding alone were also
applied to the firing data. Of the 24 firing times, there were 5 in which the data were
not available to construct a Line-10 ballistic message. The results of the 19 cases

are shown in Table 4-2.

4.2 Comparison of Residual Errors

A tabulation of average range and deflection errors for the CRAM and Ft. Huachuca
data showed rather conclusively a systematic error in range of about 190 m, the mean
CI being about 190 mbeyond the target. Discussions with hallistics experts at BRL
were held to see if the reason for the error could be detected and corrected. It was
brought out that the ballistic coefficient used in the solution of the equations of motion
was not accuratély known for high angle firi}ng situations, i.e., quadrant elevation above
45 degrees. Ome reason for this is that when the projectile is oriented at a high angle
as it leaves the gun barrel, it is subjected to a “summital yaw” ia the vicinity of the
top of the trajectory. This results in an erratic descent to the ground and, thus, an

unreliable trajectory. The ballistic coefficient when determined by a relatively small
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number of hirl nrole firings is therefore subject to error. Because the quadrant
elevation for the Ft. Iluacheea firings was of the order of 63°, a suggestion was made
to have the ballistie coeflicient computed by BRL using the Ft. Huachuca firing and
meteorological data. The detailed results were not available in time for publication,
but it was learned that, based on about one half of the data sample, there were discrep-
ancies in the ballistic coefficient of about 5 to 10%. This was not enough to change the
unit effects significantly, but it did cause changes in range (target location) of as much
as 600 m.

Rather than complete elimination of any comparison of range residual errors, it
was decided as an interim measure to remove some of the systematic error empirically.
A linear regression equation relating range error to range wind was derived by the
methed of least squares on the combined sample of 24 CRAM cases and the 19 Ft.
Huachuca cases. The data are plotted in Fig. 4-1. The correlation coefficient was -0.82.
The equation for the regression line is

C 32287 - 7.33 (RW) (4-1)
where C is the correction factor, in meters, to be subtracted from the conventionally
determined range error and RW is the range wind in knots. Corrections made by this
method are in good qualitative agreement with those made to date by recomputing the
ballistic coefticient.

Table 4-3 shows a summary of residual errors for CRAM and the single sounding
from Ft. lluachuca where the range residual error has been empiricaily corrected. The
average absolute errors are based on the 19 cases where comparison is possible. The
average range and deflection errors are 9.6 m and 9.9 m smaller for CRAM than for
Ft. Huachuea. The residual vector difference is 12.1 m lower for CRAM. The average
residual range errors before the empirical corrections were 231.1 m for CRAM and
243.6 m for Ft. Huachuen. The differences in deflection errors are significant at the
15% level when a Student’s T-test for paired comparisons (Wadsworth and Bryan, 1963)
is emploved.

The residual errors are shown graphically in Fig. 4-2.

Differences in residual errors between the two methods shouid be the largest
when winds are strong and/or considerable horizontal gradient in the meteorological
parameters exists,
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TABLE 4-3
COMPARISON OF RESIDUAL ERRORS USING CRAM
VS. SINGLE STATION (FT. HUACHUCA), IN METERS

T CRAM analysis Ft. Huachuca

Date/time Case Vector Range* Deflection Vector Range* Deflection
N | :rror error error error error error
1/16 AM 1 28.9 - 18.8 22.0 45.5 - 3.1 45 .4
PM 3 91.7 - 68.7 - 60.8 122.4 - 68.9 ~101.2
1/18 AM 5 47.0 12.5 - 45.3 75.8 11.9 - 74.9
PM 7 52.2 47.4 - 219 20.1 12.0 - 16.1
1/20 AM 9 112.6 112.6 1.8 124.3 115.8 45.2

PM 11 105.1 104.5 - 11.4 -— - -

1/22 AM 13 390.0 238.5 ~-308.6 - - -
PM 15 387.0 259.9 -286.8 503.2 381.5 -328.2

1/25 AM 17 567.9 -345.5 450.7 - - -
PM 19 208.5 - 77.3 193.6 168.0 - 91.0 141.2

1/27 AM 21 34.7 - 34.7 1.5 26.4 - 25.4 7.3
PM 23 63.5 25.0 - 58,4 83.3 31.4 - 77.2
1/29 AM 25 39.5 22.8 32.2 52.1 35.8 37.9
PM 27 66.6 59.1 30.7 30.2 | 29.9 4.5

' 2/2 AM 29 251.4 -127.9 216 .4 331.8 -218.5 249.7

! PM 31 236.4 -181.1 151.9 - - -
2/4 AM 33 146.6 -139.2 - 459 158.7 -157.3 - 21.0
PM 35 89.8 - 89.6 5.5 117.2 -114.0 27.0

2/6 AM 37 46.9 33.3 33.0 64.5 32.6 55.7
PM 39 207.5 186.9 90.1 143.4 114.8 86.0

2/10 AM 41 224.2 - 54.7 217.4 - - -
PM 43 167.2 - 68.2 152.7 163.3 - 94.3 133.3
2/12 AM 45 43.1 - 9.8 - 42.0 65.9 35.4 - 55.6
PM 47 99.5 45.0 - 88.7 119.5 46.2 -110.2
Average absolutet 115.0 75.7 75.2 127.1 85.3 85.1
*\\'ith empirical correction.
tFor the 19 comparative cases.
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Fig. 4-1. Range wind versus range error,
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Fig. 4-2, Residual errors for artillery firings (Gun No. 1) based on CRAM
and Ft. Huachuca (from Table 4-3).
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5.0 TIME VARIATIONS IN THE BALLISTIC WIND

5.1 Computation Procedure

Variability measures appropriate to the ballistic wind data

and to the way in

which the basic rawinsonde observations were scheduled are the root-mean-square
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